Abstract.-Synrhabdosomes, structures made of mostly radially arrayed graptolite rhabdosomes attached by distal regions of their virgulae, have been considered as biological entities by some in the past, but as taphonomic structures by others more recently. Our survey of at least 200 synrhabdosomes, more than 90 of which derive from one locality in northwestern Spain, shows that all synrhabdosomes are most probably entirely monospecific assemblages composed of a more or less finite number of rhabdosomes, all of which are consistently straight or only weakly curved, and all of which bear simple, or relatively simple, thecae. We conclude, therefore, that synrhabdosomes are biological entities, and we suggest that they formed infrequently as, perhaps, temporary structures to increase food-gathering efficiency during times of lower plankton supply in local, relatively restricted water masses.
Introduction
Synrhabdosomes have been recognized since at least the time of Hall (1865) but were best made known by Ruedemann (1895 Ruedemann ( , 1904 Ruedemann ( , 1908 Ruedemann ( , 1947 ) through his many illustrations and reconstructions of them as float-associated structures, and it was Ruedemann (1904: p. 483) who first coined the name "synrhabdosome" and recognized the structures as thirdorder "supercolonies" (i.e., the joining together of second-order rhabdosomal colonies). Until recently, the vast majority of synrhabdosomes were known mainly among diplograptid graptolites, so much so that Bulman (1970: p. Vll) in his definition parenthetically remarks that they are "usually biserial." Over the last twenty years, a number of new recoveries, particularly among the monograptids, have been made. These include Silurian monograptids (Hundt 1965; Rickards 1975 dosomes are more or less radially arrayed around a central point of attachment/entanglement by their virgulae, the only known exception being the biserial Rhaphidograptus toernquisti attached by the virgellae (Bjerreskov 1976). The relative rarity of synrhabdosomes raises a number of questions in regard to their biological nature; that is, are they biological entities (for reproductive purposes?) as suggested by Bulman (1970) , Rickards (1975 Rickards ( , 1996 , Zalasiewicz (1984) , Underwood (1993) , and Ge and Chen (1995) , merely a passive entanglement or "sticking together" of a number of rhabdosomes as suggested by Rigby (1993), or facultative biological entities as suggested by Melchin and DeMont (1995) ? Furthermore, if the former, what was their purpose or function, and if entanglements, why are all synrhabdosomes (almost) always monospecific assemblages; and, in any of the three options, why are they normally so rare?
The present study is prompted by the recent recovery of 15 synrhabdosomes of several monograptid species from upper Wenlock and middle Ludlow strata in the Canadian Arctic and, particularly, by a large population of synrhabdosomes of a single upper Wenlock species from northwestern Spain.
The Arctic Islands material consists of 15 synrhabdosomes collected from among the many dozens seen on bedding plane surfaces at several stratigraphic levels and three sections. All synrhabdosomes are monospecific assemblages; all are associated with far more numerous isolated rhabdosomes, including many of the sames species, on the same bedding plane; all are attached by their virgulae; and all appear to be made of mature rhabdosomes. Species making up the synrhabdosomes are all common in the Arctic and comprise the upper Homerian species Pristiograptus dubius, Colonograptus ludensis, C. praedeubeli, and C. schedidoneus, and the mid-Ludlow species Monograptus ceratus (Lenz 1990 (Lenz , 1994 (Lenz , 1995 . In addition, the mid-Ludlow species Saetograptus fritschi linearis is also recorded from the Arctic (Lenz and Melchin 1986). The rhabdosomes of all the above species are essentially straight. The synrhabdosome-bearing surfaces of upper Homerian strata bear numerous specimens of plectograptine retiolitids, many with long spines, whereas the middle Ludlow synrhabdosome is associated with numerous curved monograptid species such as Bohemograptus bohemicus (s.l.). None of the curved monograptids forms synrhabdosomes while, on the other hand, clumps of plectograptines are often randomly oriented and clearly physically entangled.
The northwestern Spain synrhabdosomes are, unlike any other known occurences, astonishingly numerous (more than 90 specimens: Fig. 1 ), so much so that it is often difficult to recognize the components of any one synrhabdosome. All synrhabdosomes are made up of the late Wenlock species Colonograptus deubeli, and all appear to be made of mature rhabdosomes attached by their virgulae. In addition, a single synrhabdosome composed of mature specimens of Colonograptus? cf. gerhardi was found in early Ludlow strata in the same area.
In Table 1 Zalasiewicz 1984) , the latter possessing two separated stipes that are, however, only gently curved and diverge at approximately 1800 and thus behave as if they were more or less straight. Furthermore, the thecae of all synrhabdosomes are relatively simple; i.e., they are exclusively tubes or slightly elaborated tubes with few or no spines in the monograptids, and simple cuplike or tubelike with no, or short, simple spines in the diplograptids. Synrhabdosomes have not been recognized in the following groups: diplograptid taxa bearing long thecal or basal spines (e.g., Climacograptus spiniferus, C. bicornis); monograptids with complex thecae (e.g., almost all true Monograptus, and all streptograptids, globosograptids, cucullograptids, and neocucullogratids); strongly curved or spiraled rhabdosomes (e.g., Spirograptus, Oktavites, Torquigraptus, Rastrites, Demirastrites); multi-stiped taxa such as Cyrtograptus, Linograptus, Nemagraptus); dichograptoids with more than two stipes; or any retiolitid.
Morphology of the Synrhabdosome.-Typically, synrhabdosomes are composed of radially arranged rhabdosomes at the same stage of development and appear to be attached by their virgulae or nemata (see Rickards 1996 , for the distinction) to a more or less central point. The only exception to this is Rhaphidograptus toernquisti, which is attached by the virgella. Less commonly and clearly for taphonomic reasons, synrhabdosomes are preserved in a semistellate or pie-shaped pattern, in which all virgulae converge toward a common center. These observations are suggestive of a life configuration as a broad, cone-shaped structure.
Generally speaking, the length of the virgulae between the distal ends of the rhabdosomes and the central point of attachment of the virgulae is more or less uniform in any one synrhabdosome, regardless of whether the rhabdosomes are mature, immature, or, as in the rare cases, where there is a mixture of mature and immature rhabdosomes. Furthermore, although the lengths of the free virgulae range considerably depending on the species involved, there seems to be no correlation between the maturity of the rhabdosomes and the lengths of the free virgulae; that is, synrhabdosomes made up of immature rhabdosomes appear not to have virgulae noticeably longer than those made up of mature rhabdosomes. Rather, the lengths of the free virgulae seem to be related only to the species makeup of the synrhabdosome.
Close examination of the virgulae of the central area of some well-preserved synrhabdosomes shows large numbers of "virgular threads," greater than the number of rhabdosomes, suggesting distal multiple bifurcations and intertwining of virgular threads (e.g., Saetograptus varians in Palmer and Rickards 1991: Fig. 110 ). This construction is probably homologous to the nemal tufts illustrated in some planktic "dictyonemids" (Rhabdinopora spp., of the R. parabola and "mata- In the center of better-preserved material examined in this study, individual virgulae are often observed to lead directly into a small central knot or cluster of threads, less than 1 mm in diameter. This has also been noted by other authors (Ekstrom 1937; Jackson et al. 1976) and was even described by Bulman (1948 Bulman ( , 1950 , who noted accessory processes or a branching tangle at the virgular ends in synrhabdosomes. Ordovician dichograptoids show a different central development, in which the nemata in synrhabdosomes may be short, twisted, and locally thickened, in contrast to the single nema in individual colonies of the same species (Zalasiewicz 1984 Figure  2 . Although it is difficult to read too much into such a small sampling, there appear to be peaks in the lower Caradoc and upper Wenlock. There also appears to be a peak in the Tremadoc, although this may be somewhat artificial because, with one exception, all components are species / subspecies of a single genus, Rhabdinopora. The apparent rarity, or absence, of synrhabdosomes in upper Arenig, Ashgill, lower Llandovery, and upper Llandovery is striking, since all are times of high, or relatively high, global species diversity.
An examination of a specific period, the late Wenlock, may be instructive. The interval appears to show the highest diversity of synrhabdosome-forming species, whereas the species diversity of monograptids was relatively low, although they were undergoing rapid evolution following the "lundgreni extinction event" (Koren ' 1991) , and their thecal and rhabdosomal morphology was uniformly fairly simple (Lenz 1995) . At the same time period, however, diversity of retiolitids was moderate (Lenz 1993 ), but none shows any evidence of synrhabdosome formation.
Taphonomy and Paleoecological Aspects.-Synrhabdosomes everywhere seem to be most probably associated with black or dark gray silts or shales deposited in anoxic and, probably, relatively deep environments. They are (Fig. 1) , parallel to what appear to be low-amplitude ripples, and sometimes lie on top of eurypterid fragments, suggesting a degree of being "snagged" by topographic irregularities. Weak bottom currents were clearly present in some sites, suggesting selective distributions of synrhabdo- . 81, Fig. 33) . A reexamination of the entire rock surface, however, reveals a concentration of synrhabdosomes aligned on a minor part of the slab, whereas the remainder of the surface is free of fossils or shows only a band of siculae and graptolite fragments lying in a different orientation (Fig. 3) . A differential current sorting of the different size and density components is suggested, again pointing to the considerable "cohesion" of the synrhabdosomes.
Finally, the biostratinomic congregations of synrhabdosomes by weak bottom currents observed in the Spanish Silurian, as well as in some Appalachian Ordovician material, also argue in favor of the relative durability of rhabdosomal attachment in each synrhabdosome, reinforcing the suggestion of a true biological association for such structures. Accordingly, synrhabdosomes appear capable of resisting moderate displacement in low-energy conditions for some period of time, only gradually undergoing progressive detachment of their constituent rhabdosomes, as shown by the presence in many aggregations of larger numbers of detached but radially arrayed nemata, relative to the remaining number of rhabdosomes in any one structure (e.g., Ruedemann 1895, 1947; Bulman 1941).
Biological Entity or Physical Entanglement?
Triggered, in part, by the life-reconstructions of synrhabdosomes by Ruedemann (1895 Ruedemann ( , 1908 Ruedemann ( , 1947 , and reinforced by the comments of Kozlowski (1949) , the interpretation accepted by most earlier workers was that synrhabdosomes are biologically generated structures (Bulman 1970) , possibly related to sexual or asexual reproduction. More recently, however, their rarity and seeming randomness of their occurrences, and the presence of supposed mixed-taxa synrhabdosomes, has led to the suggestion that some, at least, may merely be aggregations or spurious assem- blages "stuck together." This latter interpretation has been promoted by Rigby (1993) and Goldman and Mitchell (1994) .
First, and most importantly, we consider it likely that all known synrhabdosomes are monospecific assemblages and all, with the exception of Rhaphidograptus toernquisti, illustrated by Bjerreskov (1976) , are anchored by their virgulae; second, as noted above, the number of rhabdosomes in a synrhabdosome appears to be finite, something not to be expected in random aggregations; and third, all mid-Ordovician and younger synrhabdosomes are composed of essentially straight biserials or monograptids with relatively simple thecae. It seems particularly striking that there are apparently no known synrhabdosomes constructed of strongly curved and/or spiraled species (e.g., species such as Oktavites spiralis, Spirograptus turriculatus, Bohemograptus bohemicus, Cyrtograptus spp.), or of any kind of Silurian retiolitid. On the other hand, numerous, clearly entangled aggregations of retiolitids have been observed in Silurian rocks in the Arctic. Finally, the sheer number of discrete, monospecific synrhabdosomes from northern Spain, as well as those of Orthograptus ruedemanni originally illustrated by Ruedemann (1895) and reillustrated herein (Fig. 3) , adds further strong evidence of a natural assemblage. We feel, therefore, that the evidence for synrhabdosomes being biologically generated structures, although probably facultative, rather than obligate, associations (cf. Melchin and DeMont 1995), is overwhelming, a suggestion apparently supported by Underwood (1993) . We further conclude that the suggestion of Rigby (1993) that "marine snow"/ might bind rhabdosomes together is inadequate to explain the consistent monospecific makeup of all the studied synrhabdosomes, or the apparent relative strength of synrhabdosomal structures. Furthermore, we fail to see how "marine snow" could be so "selective" as to bind rhabdosomes only at distal parts of the virgulae, to bind only species with straight rhabdosomes and with relatively simple thecae, or to account for distal virgular modifications seen in many synrhabdosomal specimens.
Whether the distal ends of virgulae in synrhabdosomes continued to lengthen in conjunction with the distal growth of rhabdosomes is difficult the ascertain. However, the observation (discussed above), that virgular lengths appear to be species-related, rather than astogenetically related, suggests that continued growth was possible. The mechanism, however, is not understood. Computer modeling studies of Fortey and Bell (1987) have shown that in multibranched graptolites, stipe number, branch position, and branching pattern in any rhabdosome is constrained by factors improving the feeding strategy through a maximum water sampling. Experimental studies of Rigby and Rickards (1989) further suggest that most, if not all, graptolites, whether multibranched or uniserial, probably spiraled to varying degrees through the water column as a strategy for increasing feeding efficiency. Extrapolating from these two studies, we therefore suggest that synrhabdosomes are best interpreted as feeding structures, a suggestion somewhat obliquely made by Underwood (1993). Assuming that rhabdosomes were attached to some central point, most probably by virgular "threads" branching into a central point or knot, that the rhabdosomes were radially arrayed in a cone-shaped structure, and finally that such structures spiraled through the water column, then feeding efficiency would be substantially increased when compared with that of the single, straight rhabdosome. Presumably the increased frictional drag on the whole synrhabdosome also would optimize its passive buoyancy in deeper environments where such large structures could effectively exploit the cool, dense water masses. This, in conjunction with local, oxygen-depleted environments acting as marginal nutrient reservoirs, would promote the formation of synrhabdosomes in those few species living in or near, and able to exploit, such abnormal local environments.
In essence, therefore, the synrhabdosome would in many ways mimic the straight-and multi-stiped Early Ordovician dichograptoids or even, to some extent, Silurian cyrtograptids and linograptids. A feeding strategy interpretation would, we feel, explain the finite number of rhabdosomes as well as the fact that they are all straight. The interpretation further explains that strongly curved or spiraled monograptids or cyrtograptids, as well as those with complex and ornate thecal structures, are unlikely to have formed synrhabdosomes simply because of the physical impossibility of preventing thecal / stipe interference; further, because of their design, they are naturally spiraling structures often with elaborate thecal structures and thus are already optimally efficient feeding structures. We feel this would apply even if locomotion was by means of winglike extensions of the cephalic shield of the zooids as proposed by Melchin and DeMont (1995) , the only requirement being that the rowing movement of the muscular appendages of all the zooids be coordinated throughout the synrhabdosome "super colony."
Rarity or Patchiness of Synrhabdosomes
If, as suggested, synrhabdosomes are primarily feeding structures, the question of their rarity arises (although the same question arises when considering them to be related to sexual reproduction). In either interpretation, their relative rarity must be accounted for. To put it in the form of a question, if the synrhabdosomal structure is good/efficient for a few taxa with straight rhabdosomes, why don't many more, even all, species of straight biserials and monograptids form synrhabdosomes? Furthermore, why then are synrhabdosomes not the rule rather than the exception?
The suggestion by Rickards (1975) that synrhabdosomes were held together by a small mass of soft axial extrathecal tissue helps, in part, to explain their ephemeral nature, although, as suggested above, they were more likely welded together, relatively firmly, by means of a small central cluster of post-virgular "threads." This suggestion is supported by the seeming resiliency and not-easily-entangled nature of the rodlike virgulae of most graptoloids (see Kirk 1978) . Furthermore, as already noted, virgulae of synrhabdosomes are often complexly bifurcated, whereas those of the vast majority of single rhabdosomes are simple rods, providing strong evidence that the latter are not remnants of disaggregated synrhabdosomes. It appears significant to us that when synrhabdosomes are found, they are often relatively common and are most often found in only specific parts of the stratigraphic column. This is certainly true of the Canadian Arctic and Spanish occurrences, and it has been claimed for the Upper Ordovician of the Appalachians (Ruedemann 1895; Rigby 1993) and the Silurian of south-central Wales (Siveter et al. 1989 ). If as suggested, above, synrhabdosomes were feeding structures, then it is possible they might have served only as temporary "emergency feeding devices," forming only at times of local, lowered food (plankton) supply in marginal environments. Their preservation could then be looked upon as a series of rare but coincidental events, i.e., infrequent formation of synrhabdosomal structures during times of local, lowered food supply; periodic overturning and / or rise of anoxic waters in relatively local cell-like areas (see Berry et al. 1987) , causing mass killing of synrhabdosomal colonies and single rhabdosomes; and rapid burial and/or encapsulation in totally anoxic waters prior to burial. This is in contrast to Underwood (1993) , who suggests that synrhabdosomes form only in high-nutrient waters, although we find totally untenable his suggestion that synrhabdosomal movement would be severely restricted in these waters and that they are, by implication, inefficient feeders.
A further explanation of the patchiness of synrhabdosome distribution might lie in the presence of relatively small, persistent eddies as seen in the present-day oceanic waters. Haury et al. (1978) noted considerable patchiness in the distribution of plankton communities in the Sargasso Sea, due to the short-duration (years to tens of years) existence of "cold core rings" that may be up to 100-200 km in diameter and hundreds of meters in depth. By analogy, a particular graptolite community could have been confined to one "ring" with nutrient levels relatively much lower than adjacent regions outside the ring, and it would be only in those rings with lower nutrient supply that synrhabdosome formation would be triggered in one or a few species.
